S
picules are ubiquitous, highly dynamic jets of plasma that are observed at the solar limb (1) (2) (3) . Recent observations indicate that in most of these jets (type II spicules), initially cool (~10 4 K) plasma is accelerated into the corona at speeds of up to 150 km s −1 . A substantial fraction of the ejected plasma is heated to temperatures typical of the solar transition region [TR, >10 4 K (3-5); this narrow region separates the cool chromosphere from the hot corona] before falling back to the surface after 5 to 10 min. Spicules may play a critical role in energizing the outer solar atmosphere and have been suggested as a source of hot plasma to the corona [(6) , but see (7) ], potentially helping explain its puzzling temperatures of several million degrees. Spicules carry a large flux of Alfvénic waves (8) (9) (10) ) that may help drive the solar wind and/or heat the corona (11) . Despite major observational advances, the generation of type II spicules remains poorly understood: Although there are suggestions that magnetic reconnection plays a role (6) , there are no models at present (12) that can explain all of the observed properties of type II spicules, including their ubiquity (3) (4) (5) and the strong magnetic waves that they carry (8, 9, 13) .
We present 2.5-dimensional (2.5D) radiative magnetohydrodynamic (MHD) numerical simulations in which spicule-like features naturally and frequently occur. Our model captures the complex physical processes that play a role in spicule formation and evolution: (i) Plasma is not in local thermodynamic equilibrium; (ii) radiation is optically thick and undergoes scattering; (iii) gas is partially ionized; and (iv) thermal conduction is important in the upper chromosphere, TR, and corona (supplementary materials). Although previous numerical experiments included many of these processes (12), they did not produce any (14) or produced only a few (15) features that resembled type II spicules because they lacked ambipolar diffusion (supplementary text). We find that high spatial resolution (<40 km), large-scale magnetic field (e.g., magnetic loops~50 Mm long), and ion-neutral interaction effects in the partially ionized chromosphere are critical for the ubiquitous formation of spicules. Our results show that spicule-like jets occur frequently in the vicinity of strong magnetic flux concentrations (e.g., the positions 20, 40, and 70 Mm on the horizontal axis in Fig. 1 and movie S1) that are similar to so-called plage regions (large concentrations of magnetic flux with predominantly one polarity). We can identify at least two different drivers for type II spicules in the model. One (described below) is much more frequent than the other (described in the supplementary materials).
Several steps are required for the formation of spicule-like features. First, convective motions in the photosphere distort the magnetic field in the vicinity of strong vertical magnetic flux concentrations. This occurs through the interaction of these vertical concentrations with neighboring horizontal fields associated with weaker, granularscale flux concentrations (left panels, Fig. 2 ). In an environment in which plasma b (the ratio of plasma to magnetic pressure) is high (i.e, gas pressure greater than magnetic pressure), this interaction can lead to the local buildup of strong magnetic tension. In our simulations, such weak fields continuously appear as a result of processing and shredding of strong fields caused by convective motions. These conditions are likely to be found frequently on the Sun in the vicinity of regions that are dominated by mostly vertical magnetic flux concentrations of several kilogauss, such as the magnetic network (in the quiescent Sun) or plage (in active regions). These are surrounded by weak, mostly horizontal flux that continuously emerges on granular scales of~10 3 km (16). Next, this region of highly bent magnetic field and thus large magnetic tension must move into the upper chromosphere, where the magnetic field dominates the plasma (b < 1). However, weak horizontal fields are typically not buoyant enough to emerge into the atmosphere (17) . The process that allows this region of magnetic tension to move to greater heights is ambipolar diffusion, which arises from slippage between the ions and neutral particles in the partially ionized chromosphere. The ambipolar diffusion allows magnetic field to move through neutral particles, and the collisions between neutrals and ions can lead to magnetic energy dissipation. Ambipolar diffusion depends on the ion-neutral collision frequency and magnetic field strength, which is largest in the coldest parts of the chromosphere and affects the emergence of regions with high magnetic tension in two ways: (i) Sporadically, ambipolar diffusion becomes large just above the photosphere as a result of the strong expansion and adiabatic cooling in the wake of magneto-acoustic shocks that propagate upward. When this happens close to a region of high magnetic tension, the ionneutral interaction diffuses the mostly horizontal upper photospheric fields into the chromosphere, allowing the highly bent magnetic field to penetrate upward into a low-plasma-b regime. (ii) The emergence into the chromosphere leads to expansion of the field, which in turn leads to cooling and a dramatic increase in ambipolar diffusion within the emerging region. As a result, any current perpendicular to the field lines (Fig. 2, M to P, and movie S2) is partially dissipated in the cold expanding pockets and partially advected to the sides of the cold regions, where the ambipolar diffusion is lower (Fig. 2, I to L). This current leads to a further amplification of the magnetic tension and its concentration into a narrower layer at the boundaries of the emerging flux bubble.
In the final step, the magnetic tension is violently released in the upper chromosphere, which drives strong flows (~100 km s −1 ; Fig. 2, E to H) . The magnetic field releases its tension by retracting and straightening, similar to the whiplash effect during magnetic reconnection (18) . The straightening field squeezes the plasma in a confined region, which produces, through pressure gradients, a strong acceleration of the chromospheric plasma to high speeds along the ambient magnetic field. The whiplash effect also generates Alfvénic waves that rapidly propagate upward, as well as electrical currents. Our simulation reproduces many observed properties of type II spicules (Fig. 3 and , which translates to an apparent motion along the spicule of~40 to 45 km s −1 (Fig. 3F) when taking into account the inclination, in agreement with observed apparent motions along spicules at the solar limb (4). Our model predicts spicules to occur in the vicinity of the network and plage regions, especially toward the periphery of strong flux regions, where interactions with weaker flux can easily occur. Our simulation shows a much higher spicule occurrence rate than previous studies (15) , which produced only two examples. Although those two spiculelike features were also propelled by magnetic tension, the simulations lacked ambipolar diffusion, and the underlying driver was injection of strong field at the lower boundary. These earlier 3D simulations did not reproduce many observed properties of spicules (12) . However, the similarities of the driving mechanism in the 3D simulations suggest that the 2.5D limitation of our simulations does not meaningfully affect our results. This is also supported by the highly collimated nature of the flows and shocks in our simulations (discussed below and in the supplementary materials).
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Our model predicts heating from chromospheric (<10 4 K) to TR (>2 × 10 4 K) temperatures during the evolution of the spicules (Fig. 3 and movie S3) . Currents driven by the whiplash effect are partially dissipated (Fig. 2 , M to P) through ambipolar diffusion, thereby heating the chromospheric spicular plasma to at least TR temperatures within 2 min during its expansion into the corona (Fig. 3,  S to X) . This is compatible with observations that show a relatively short (<1.5 min), cool [visible in the CaII lines] initial phase, followed by a longerlived phase (~5 to 10 min) at higher temperatures (visible in MgII and SiIV lines) (5). In the model, the remaining currents penetrate into the corona and are dissipated via Joule heating, and the connected magnetic loops and spicule-associated plasma reach coronal temperatures of 2 MK (Figs. 2 and 4 and movie S2).
We generated synthetic observations of the spicules in our simulation for comparison with observations from the Swedish 1-m Solar Telescope (SST) (20) and NASA's Interface Region Imaging Spectrograph (IRIS) (21) . We compared the CaII 8542 Å (middle chromosphere,~8 × 10 3 K), MgII h 2803 Å (upper chromosphere,~1 to 1.5 × 10 4 K), SiIV 1402 Å (~8 × 10 4 K), and FeIX 171 Å (~1 MK) spectral lines (Fig. 4) . The model reproduces the short lifetimes (<1 min) of high-velocity excursions in the blue wing of chromospheric lines such as CaII 8542 Å and MgII h 2803 Å-the so-called rapid blueshifted events (RBEs) that are the disk counterparts of type II spicules (22, 23) . The strong upward velocities at chromospheric temperatures (Fig. 3 , G to L, and movie S3) last for only a few tens of seconds. The density along the spicule decreases with time (Fig. 3 , M to R, and movie S3), which contributes to the short lifetime in chromospheric lines. The TR counterparts of the model spicules are visible as strong blueshifted excursions of the Si IV line, which agrees well with IRIS observations (Fig. 4, C and G) . The modeled spicule also presents a signal in the coronal Fe IX 171 Å line, similar to what has been observed before (24) .
Our simulation indicates that spicules may play a substantial role in energizing the outer solar atmosphere, by supplying plasma to the corona and by the generation of strong electrical currents and Alfvénic waves. Assuming that the spicules have widths of 300 km in all directions, a spicule supplies~10 10 kg of hot plasma to the corona per event. The strong intermittent currents that are an integral driving component of spicules fill the spicule and propagate into the corona. These currents are dissipated by the ambipolar diffusion in chromospheric or spicular plasma, which leads to substantial heating on the order of~10 18 J per event (integrated over the spicule lifetime). Ambipolar diffusion is not effective at coronal temperatures, but these spicule-associated currents also have clear potential for heating plasma in the coronal volume (25, 26) . This is illustrated by the hot coronal loops that appear in association with the simulated spicules, which are filled and heated by current dissipation (in our simulation by artificial diffusion; supplementary materials), strong flows and shocks, evaporation, and thermal conduction.
Alfvénic motions have additional capacity for heating plasma to coronal temperatures (11) . The Alfvénic motions that are generated through the whiplash effect lead to transverse waves in our 2.5D simulations and would lead to torsional and kink waves on the Sun. In our simulation, the average amplitude for these waves is 20 km s −1 , and we estimate (supplementary materials) that the average energy flux is~10 3 W m −2 in the spicule and~300 W m −2 in the lower corona, which is comparable to observations (8, 9) . Dissipation of such waves (e.g., through resonant absorption) is not properly treated by our simulation because it does not include the small spatial scales on which such mode-coupling and subsequent Kelvin Helmholtz instability vortices occur, but wave dissipation can also lead to substantial heating of the outer atmosphere (11, (27) (28) (29) .
